The DNA encoding the elastase of Pseudomonas aeruginosa IFO 3455 was cloned, and its complete nucleotide sequence was determined. When the cloned gene was ligated to pUC18, the Escherichia coli expression vector, bacteria carrying the gene exhibited high levels of both elastase activity and elastase antigens. The amino acid sequence, deduced from the nucleotide sequence, revealed that the mature elastase consisted of 301 amino acids with a relative molecular mass of 32,926 daltons. The amino acid composition predicted from the DNA sequence was quite similar to the chemically determined composition of purified elastase reported previously. We also observed nucleotide sequence encoding a signal peptide and "pro" sequence consisting of 197 amino acids upstream from the mature elastase protein gene. The amino acid sequence analysis revealed that both the N-terminal sequence of the purified elastase and the N-terminal side sequences of the C-terminal tryptic peptide as well as the internal lysyl peptide fragment were completely identical to the deduced amino acid sequences.
The DNA encoding the elastase of Pseudomonas aeruginosa IFO 3455 was cloned, and its complete nucleotide sequence was determined. When the cloned gene was ligated to pUC18, the Escherichia coli expression vector, bacteria carrying the gene exhibited high levels of both elastase activity and elastase antigens. The amino acid sequence, deduced from the nucleotide sequence, revealed that the mature elastase consisted of 301 amino acids with a relative molecular mass of 32,926 daltons. The amino acid composition predicted from the DNA sequence was quite similar to the chemically determined composition of purified elastase reported previously. We also observed nucleotide sequence encoding a signal peptide and "pro" sequence consisting of 197 amino acids upstream from the mature elastase protein gene. The amino acid sequence analysis revealed that both the N-terminal sequence of the purified elastase and the N-terminal side sequences of the C-terminal tryptic peptide as well as the internal lysyl peptide fragment were completely identical to the deduced amino acid sequences. The pattern of identity of amino acid sequences was quite evident in the regions that include structurally and functionally important residues of Bacillus subtilis thermolysin.
Pseudomonas aeruginosa is an opportunistic pathogen which can cause fatal infections in vulnerable hosts (22) . For example, pneumonias caused by P. a(eriginosa have been reported in patients suffering from burns, cancer, and cystic fibrosis and in postoperative patients on respirators. In P. aeruginosa infection, the bacterium multiplies at the site of infection, causing overwhelming septicemia. Several metabolites related to its virulence have been identified and characterized (24) . Among them, the best studied is elastase, which was crystallized and characterized in 1965 by Morihara et al. (18) .
The P. aeruginosa elastase is one of the Zn-metalloproteinases (19) , which have Zn as an essential component for activity and show specificity against bulky or hydrophobic amino acid residues at the imino side of the splitting point. The representative of the group is thermolysin.
The lethality of elastase is considerably low in comparison with that of P. aeruiginosa exotoxin A (20) . Nonetheless, it has been shown (6) that elastase-producing strains exhibit greater virulence than nonproducers. This may be explained by an aggressin activity (20) , by which the virulence of elastase-nonproducing strains is increased by the addition of a minute amount of elastase to the experimental animal model of Pselldomonas infection. This aggressin activity may be ascribed either to the difference of growth in blood between elastase-producing and nonproducing strains (23) or to the inactivation of various biologically important proteins in the body, such as complement components (20) , human immunoglobulin G (20) , human plasma o1l-proteinase inhibitor (20) , human bronchial mucosal proteinase inhibitor (10), human airway lysozyme (9) , human polymorphonuclear leukocytes (11) , human neutrophil chemiluminescence (12) , and human natural killer cell activity (25) . Therefore, Homma and Tanimoto (7) have developed a multicomponent * Corresponding author.
vaccine against Pselidoinonias infection that contains elastase toxoid.
Very little information is available about the structure of the elastase gene, except the report of Iglewski and associates (27) . They succeeded in the isolation of a clone containing a structural gene for P. aeruginosa elastase (Pseiudoinotias elastase). Our present investigation, in conjunction with a previous report (30) , presents an independent study on the cloning of the Psel(doinonas elastase gene and determination of its DNA sequence, from which the primary structure of elastase was deduced. Among the tryptic digests, the C-terminal peptide fragment was obtained by using affinity chromatography on anhydrotrypsin agarose (Takara Shuzo Co., Ltd., Kyoto, Japan) according to the manufacturer's instructions (8) . The lysyl or tryptic peptides were separated and purified by reversedphase high-pressure liquid chromatography (HPLC). The amino-terminal sequence of the purified inactive elastase and the amino acid side sequences of the internal lysyl peptide as well as the C-terminal tryptic peptide were determined by automated Edman degradation with a 477A gas-phase sequencer (Applied Biosystems, Foster City, Calif.). The resulting phenyl thiohydantoin (PTH) amino acids were analyzed with a 120A PTH analyzer (Applied Biosystems).
MATERIALS AND METHODS
Proteolytic assays. Total proteolytic activity was determined by a modification of the method described by Wretlind and Wadstrom (29) , with 1-h digestion of hide powder azure (Sigma) suspended in 10 mM sodium phosphate buffer, pH 7.0. Elastolytic activity was determined by the method described by Bjorn et al. (1) Fig. 2 . The entire Pseudomonas elastase reading frame was sequenced on both strands. The N-terminal amino acid sequence of the purified inactive elastase (Ala to Gly) and the N-terminal side sequences of the C-terminal tryptic peptide (Ala to Ser), as well as the internal lysyl peptide (Tyr to Val) derived from the elastase corresponded completely to the deduced amino acid sequences. The G+C content of this mature elastase gene was 64.3%, which is typical of the P. aeruginosa genome. We were also able to see a thermolysinlike structure in the mature protein sequence (see Discussion).
The ATG, the initiation methionine codon, was located 589 to 591 bp upstream of the mature protein-coding sequence. A Shine-Dalgarno (SD)-like sequence was also observed 11 to 16 bp upstream from this ATG codon. From the deduced amino acid sequence, we observed two Lys residues, a basic amino acid, at positions -196 and -195. In the amino acid sequence from positions -194 to -174, a group of strongly hydrophobic amino acids was observed. In addition, a typical cleavage site was also observed after the sequence Ala-Phe-Ala-Ala (-177 to -174). This sequence is a typical structure for a signal peptide (17) . A "pro" sequence was also observed from positions -174 to -1. Since the termination codon TAA was observed at nucleotide positions 904 to 906, we decided that Leu was the C-terminal amino acid, In addition, the result for the amino acid sequence of the C-terminal tryptic peptide supported these results. We were able to observe the stacking region (917 to 952 bp), which also supported the existence of a termination codon at this site.
Comparison of amino acid composition. In a previous study, Morihara et al. (18) reported the amino acid composition of Pseudomonas elastase from a chemically purified protein sample. The comparison of the amino acid composition is shown in Table 1 . The amino acid composition deduced from our DNA sequence was quite similar to that determined from chemically purified elastase.
Hydropathy profile. The hydropathy profile is shown in Fig. 3 . Strongly hydrophobic amino acids were observed in the initial sequence. The amino acid sequence of the elastase had hydrophobic inclination.
Amino acid sequence comparison. The anmino acid sequence of Pseudomonas elastase was compared with that of thermolysin. Pseudomonas elastase is a Zn-metalloproteinase, and its enzymatic properties are very similar to those of thermolysin. In addition, the amino acid sequence was also clarified. As shown in Fig. 4 , the frequency of identical amino acids appears to be most evident in the central position of the molecule.
DISCUSSION
We have cloned the Pseudomonas elastase gene and determined the entire DNA and amino acid sequences. The details of this gene cloning have been reported previously (30) . The translated gene product of the pEL2 clone displayed both the elastolytic activity and the same Mr as purified elastase. In addition, the characteristics of the deduced amino acid sequence of elastase were quite similar to those of chemically purified Pseudomonas elastase. These results strongly indicate that the gene that we cloned was the Pseudomonas elastase gene.
Pseudomonas elastase is a Zn-metalloproteinase, and its enzymatic properties are very similar to those of thermolysin. Not only the primary structure but also the tertiary structure of thermolysin have been clarified (15, 16, 28) . Therefore, we compared the amino acid sequence of elastase with that of thermolysin by empirically aligning the sequences of these two enzymes so as to maximize identity. The frequency of identical residues appears to be most evident in the central position of the molecule, as shown in Fig. 4 (thermolysin residues 123 to 243) . The homology was 46% in the segment from residues 123 to 243 (thermolysin residues). In contrast, in sequences of the N-terminal region (thermolysin residues 1 to 122) and the C-terminal region (thermolysin residues 244 to 316), the homologies were 35% and 29%, respectively. The total homology was 38%.
The pattern of homology is particularly evident in the regions that include structurally and functionally important residues of thermolysin, as shown in Table 2 , where a comparison is also made with B. subtilis neutral protease A (14) . Twelve of the 13 residues implicated in the active site of thermolysin (3) Using elastase-deficient strains of P. aeruginosa, Shad et al. (27) -reported that they had cloned the elastase gene from P. aeruginosa PAO1. They cloned a gene containing an 8-kb DNA fragment, and the incorporation of this fragment into E. coli HB1O1(pUC18) induced a high level of elastase production. They mapped the gene between the EcoRI and SmaI fragments and narrowed it down to a 1.75-kb fragment. In addition, they proposed the existence of the lasA gene, which correlates with elastase expression. Our data regarding the restriction map and span of the structural gene are consistent with their reports. It was reported by another researcher that the lasA gene regulates elastase activity (4) . The molecular weight of the lasA gene product was ca. 31 ,000, and it was considered to have a direct effect on broadening the substrate specificity of secreted proelastase.
In the present study, we determined that the initiation codon of the elastase gene is 591 bp upstream from the mature protein-coding sequence. Since the amino acid sequence of the signal peptide is still obscure, we were not able to finally determine the initiation codon with confidence, but we were able to observe a sequence typical of signal peptides downstream of the ATG codon. In addition, an SD-like sequence was also observed 11 to 16 bp upstream from the ATG.
Our study also indicates the existence of a precursor peptide of Pseudomonas elastase. Goldberg and Ohman (4), using chemical methods, reported that two molecular forms (Mr ca. 37,000 and ca. 47,000) of elastase exist, and they suggested that there is a proenzyme, which they called a precursor, with a signal peptide and pro sequence. The function of the precursor peptide is still obscure. But we now consider that the elastase itself is strongly cytotoxic in the cell, so this peptide is necessary to protect against this toxicity.
